ABSTRACT Gravid screwworm ßies, Cochliomyia hominivorax (Coquerel), are attracted to the volatiles from waste larval rearing media to deposit eggs. Studies were conducted to identify volatile chemicals from the waste larval media and determine their effectiveness to attract gravid ßies to oviposit. Volatiles were collected using solid-phase microextraction method, and Þve active chemicals, namely, dimethyl disulÞde, dimethyl trisulÞde, phenol, p-cresol, and indole, were identiÞed using gas chromatographyÐmass spectrometry. In electroantennography studies, antennae of gravid screwworm ßies, Cochliomyia macellaria (F.), responded positively to each of the identiÞed compounds. A synthetic blend of these Þve compounds in the ratio of 335:200:57:1:12 was prepared and tested for its effectiveness to attract both C. hominivorax and C. macellaria using laboratory bioassay methods. SigniÞcantly more gravid C. macellaria were attracted to and landed on substrates treated with 10-fold diluted blends compared with those landed on substrates treated with ethanol only (as control). Only a few young females and young and old males were attracted to the substrates treated with the synthetic blend. The C. hominivorax females laid signiÞcantly more eggs on substrates treated with waste media, 10-fold diluted blend, and 100-fold diluted blend than on substrates with undiluted blend or ethanol. Similarly, C. macellaria deposited signiÞcantly more eggs on substrates treated with waste media, 10-fold diluted blend, and 100-fold diluted blend compared with substrates with undiluted blend or ethanol. C. macellaria females deposited signiÞcantly less amount of eggs than did C. hominivorax females. These results indicate that the synthetic blend of Þve compounds identiÞed may serve as an oviposition attractant for C. hominivorax as well as for C. macellaria.
Primary screwworms, Cochliomyia hominivorax (Coquerel), are economically important insects causing myiasis in warm-blooded animals, including humans. This species has been eradicated from the United States, Mexico, and the Central American countries using the sterile insect technique. A permanent sterile ßy barrier has been established at the Panama and Colombia border, where sterile ßies are released to prevent reinfestation by ßies dispersing from infested areas in South America. The screwworm mass production facility in Panama produces up to 40 million ßies weekly and supplies the sterile ßies needed for the maintenance of the barrier. A large number of eggs are required daily to maintain such a large production colony. A female screwworm ßy deposits Ϸ200 Ð300 (Ϸ10 mg) eggs when Ϸ8 d old. One of the factors that inßuence oviposition is a suitable oviposition substrate that attracts gravid females to the substrate and stimulates them to deposit eggs. Adams et al. (1979) reported that a meat-based larval rearing medium was attractive to gravid female screwworms. Screwworm larvae are now reared on an artiÞcial rearing medium without meat Alvarez 1999, Chaudhury and Skoda 2007) . Chaudhury et al. (2012) reported that the waste products from the artiÞcial larval rearing medium attract the gravid screwworm ßies to oviposit as did the meat-based diet. This article reports the results of studies conducted to identify the chemicals present in the volatiles emanating from the waste larval rearing media and to determine their effectiveness to inßuence the oviposition of screwworms.
Materials and Methods
Fly Colonies. Most of the experiments were conducted in the U.S. Department of Agriculture/Agricultural Research Service (USDAÐARS) laboratory in Lincoln, NE, using the secondary screwworm, Cochliomyia macellaria (F.), facultative myiasis-producing species, as model for C. hominivorax, as the latter could not be reared in the United States, where the species has been eradicated. The colony of C. macel-laria was maintained in the USDAÐARS laboratory, Lincoln, NE, where the larvae were reared on beef or chicken liver, or using an artiÞcial diet (Chaudhury and Skoda 2013) . Pupae of C. hominivorax were obtained from a colony maintained in the Screwworm Production Plant in Pacora, Panama. Adults were allowed to emerge in cages, and later used for the experiments as previously described (Chaudhury et al. 2012) . Adult ßies of both species were maintained on sugar cubes and a paste prepared from spray-dried egg powder and honey, with water provided separately in a plastic bottle (Chaudhury et al. 2000) .
Waste Media. The waste larval rearing medium was collected from the primary screwworm larval rearing trays after the larvae fully matured and crawled out of the rearing trays (Chaudhury et al. 2012) . The waste was solidÐliquid slurry with a putrid odor and was used for volatile collection 3 d after it was collected, as determined earlier to be most attractive to the ovipositing screwworms (Chaudhury et al. 2012 ). Approximately 2 ml of waste was introduced in a 20-ml vial that was used for collecting headspace volatiles.
Volatile Collection. Solid-phase microextraction (SPME) method was used to collect volatiles from the vial containing the waste material. An SPME Þber (70-mm poly-dimethyl-siloxane/carboxen, Supelco, Bellefonte, PA) was preconditioned for 1 h at 250ЊC. For volatile collection, the Þber was exposed Ϸ2Ð3 cm above the waste material in the vial for 1 min at 37Ð38ЊC. The loaded SPME Þber was then desorbed in the injection port of a gas chromatographyÐmass spectrometry (GC-MS) system. Chemical Analyses. GC-MS analyses of the volatiles were performed with an HP 6890 gas chromatograph unit interfaced to an HP 5975 Mass Selective Detector (Agilent Technologies, Santa Clara, CA). The GC-MS was equipped with an FFAP-DB-5 column (30 m by 0.25 cm inner diameter). SPME was inserted into an injection port equipped with a splitless mode, injector temperature 250ЊC, and 1 min split valve delay. The temperature program started at 50ЊC for 3 min, increased to 170ЊC at a rate of 5ЊC/min, and then increased to 240ЊC at a rate of 15ЊC/min. Helium was used as the carrier gas, with a ßow rate of Ϸ3 ml/min. Mass spectra were recorded from 30 to 550 amu with electronic impact ionization at 70 eV. IdentiÞcations of chemicals from the volatiles were conÞrmed by comparison of retention indices and mass spectra of authentic standards.
Electroantennogram Responses. Electroantennogram (EAG) recordings were made by connecting an electrogel-Þlled glass pipette Ag-AgCl electrode to the excised head of a secondary screwworm ßy. A recording electrode Þlled with the same electrogel was placed in contact with the tip of the ßy funicle. Antennal responses to chemical stimuli were recorded for 10 g of synthetic standard dilutions. The tested synthetic standards were applied to Þlter-paper strips (0.5 by 2.0 cm, Whatman No. 1) in 10 l of solvent and the Þlter-paper strips were inserted into Pasteur pipettes (15 cm in length). Control puffs (hexane only) were applied after each puff of a test stimulus. The EAG system consisted of a high-impedance D.C. ampliÞer with automatic baseline drift compensation. An EAG program (SYNTECH EAG-Pro 4.6) was used to record and analyze the ampliÞed EAG signals. Seven antennae of gravid female secondary screwworm ßies were tested.
Synthetic Blend. Chemical compounds were purchased from Sigma-Aldrich (St. Louis, MO). On the basis of the SPME absorption ratio (in parenthesis following compound name), chemical identity from GC-MS, and the EAG response, synthetic blends were prepared using dimethyl disulÞde (335), dimethyl trisulÞde (200), phenol (57), p-cresol (1), and indole (12). One milliliter stock solution in ethanol was prepared with microgram quantities of the ratio value shown for each compound using either undiluted blend or diluted ethanol (10-and 100-fold). The synthetic blend was used to study the landing response of the ßies to the treated substrate and also to conduct the bioassay for oviposition.
Landing Response. Experiments were conducted in wire mesh cages (0.3 by 0.3 by 0.3 m) with solid metal base. In total, 100 C. macellaria ßies, previously marked with a dot on the thorax with different colors of artistsÕ acrylic paint for four different groups: (a) 8-d-old gravid females (25) (25), were introduced in the cage through the front opening that was secured with a stretched cotton/polyester sleeve. Flies were allowed to acclimatize in the cage for 10 min. Meanwhile, two clear plastic containers (11 by 9 cm bottom diameter by 8 cm in height) were prepared by lining the bottom of each with a 9-cm Þlter paper on which 10 g of fresh chicken liver was placed. One 2 by 2-cm clear plastic piece was placed on top of the liver (to keep the moisture from liver off the wick) on which a 1-cm-long piece of dental wick was positioned in each container. The dental wick piece of one of the containers was treated with 0.5 ml of the 10-fold diluted synthetic chemical blend (test treatment) and that of the other was treated with 0.5 ml of ethanol (control treatment). The prepared test and control containers were then introduced into the cage and placed on the base of the cage diagonally and Ϸ10 cm apart from each other. Fly behavior was observed for 15 min and the ßies were allowed to land in the containers. After 15 min, ßies that landed in each container were captured by placing the container lid on top of the containers. Flies were then immobilized by cooling in a freezer and the number trapped was recorded according to age and sex for each container. Each experiment was replicated six times with different batches of ßies. In preliminary tests, we were not able to get eggs just with treated dental wick as a substrate. So, we started using liver for C. macellaria and ground beef for C. hominivorax with treated dental wicks as the substrate for oviposition.
Oviposition Assays. Oviposition tests were conducted with both species of ßies using Þve wire mesh cages, each with a solid metal base, using three cages for three different dilutions of the synthetic chemical blend, the fourth cage for control (ethanol), and the Þfth cage was used to test the waste media. One hundred 8-d-old gravid females were transferred to each cage (0.3 by 0.3 by 0.3 m) through the front opening that was secured with a stretched cotton/polyester sleeve. Disposable plastic petri dishes (10 cm in diameter) were used to prepare the oviposition substrate test samples. Five petri dishes were lined with a Þlter paper on which 10 g of ground beef was placed. A 1-cm-long piece of dental wick was placed on the top of the ground beef. The dental wick of the petri dish was treated with 0.5 ml of one of the dilutions of the chemical blend. The fourth petri dish received 0.5 ml of ethanol (control). The Þfth petri dish dental wick was treated with slurry from waste larval rearing media. Petri dishes were introduced in respective cages and placed on the center of the base of the cage. The gravid females were given the opportunity to oviposit for 1 h, after which the petri dishes were removed from the cage, the egg batches in each dish were collected, and the weight of eggs per dish was recorded. Flies were dissected to determine if they have oviposited. Each oviposition test was replicated three times with different batches of both species of ßies.
Statistics. Treatment effect for landing response and oviposition in terms of the various treatments used were calculated as the difference between treated and control to obtain the mean and standard error. Differences in weight of eggs and the number of ßies landing were calculated with analysis of variance (ANOVA) using statistical software (NCSS 2000) ; TukeyÕs range test was used to separate the means after a signiÞcant F value. Differences in EAG responses among different stimuli and corresponding controls were determined by Student t-test. Results with P Ͻ 0.05 were considered to be statistically signiÞcant. Figure 1 shows the gas-chromatograph traces obtained from the SPME collection on the spent diet.
Results
Five compounds, dimethyl disulÞde, dimethyl trisulÞde, phenol, p-cresol, and indole, were identiÞed. The EAG responses obtained from the antennae of 8-d-old females using these compounds are shown in Fig. 2 . The antennae responded positively to all the Þve compounds tested, with dimethyl trisulÞde showing the strongest response in terms of absolute EAG values ( Fig. 2 ; F ϭ 8.95; df ϭ 4, 30; P Ͻ 0.001).
Results of the landing response of females and males of C. macellaria to the treated and control substrates are presented in Fig. 3 . SigniÞcantly more gravid females landed on the treated surface compared with the corresponding control (F ϭ 25.44; df ϭ 7, 40; P ϭ 0.000). SigniÞcantly fewer young females and young and old males landed on the treated substrate as well as on the control compared with the number of gravid females that landed on the treated substrate (Fig. 3 ). There were no signiÞcant landing response differences between the treated and the control numbers of the young female group or the male age-groups (Fig. 3) .
Results of the oviposition tests with waste media, three dilutions of the Þve-compound blend, and the ethanol controls are presented in Table 1 . Oviposition by C. hominivorax was signiÞcantly higher on the substrates treated with the waste media, 10-fold diluted blend, and 100-fold diluted blend compared with that on substrates treated with undiluted blend and the ethanol control. Oviposition by screwworms on the substrate treated with waste media was comparable with that on the substrates treated with 10-and 100-fold diluted blend. Similarly in C. macellaria, signiÞ-cantly more oviposition occurred on the substrates treated with waste media and 10-and 100-fold diluted blend than those on substrates treated with undiluted blend and the ethanol control. C. macellaria females deposited signiÞcantly fewer eggs compared with C. hominivorax females on the substrates treated with waste media and 10-and 100-fold diluted blend, but oviposition on the substrates treated with undiluted blend and the ethanol control was similar in both species (Table 1) . Fig. 1 . GC traces of volatile compounds released from waste larval rearing media absorbed on SPME Þbers (4-h collection period with at least Þve replicated analyses).
Discussion
EAG and some of the cage bioassays to study landing and oviposition response were conducted using C. macellaria as an initial "model" in our laboratory in Lincoln, NE, where C. hominivorax could not be reared due to biosecurity issues. Oviposition experiments with C. hominivorax were conducted in the USDAÐARS laboratory in Panama.
Clear EAG responses obtained from the Þve compounds identiÞed from the volatiles of the waste larval media and the gravid femalesÕ responses to a synthetic blend of the compounds indicate that the compounds identiÞed may serve as an oviposition attractant for C. hominivorax as well as C. macellaria. Four of these Þve compounds, dimethyl disulÞde, phenol, p-cresol, and indole, are also present, albeit at a different ratio, in the swormlure-4 bait currently used for trapping screwworms (Mackley and Brown 1984, Mastrangelo and Welch 2012) . Swormlure-4 attracted more C. hominivorax compared with C. macellaria in the Þeld and trapped both males and females. Our Þve-compound blend also attracted more C. hominivorax to oviposit than C. macellaria. Landing experiments with C. macellaria showed that signiÞcantly more gravid females were attracted to the treated substrate than were the males and younger females (Fig. 3) , indicating that the blend is a female-speciÞc attractant. It is possible that the alcohols and the acids that are present in swormlure-4, but absent from our blend, makes the present blend a unique attractant speciÞc for gravid females.
Our earlier Þndings with waste larval media showed that 40 Ð50% of females deposited eggs on the substrate treated with waste media slurry (Chaudhury et al. 2012) . Assuming that each female lays Ϸ10-mg eggs, our present results indicate that 60 Ð70% of the female C. hominivorax deposited eggs on the substrate treated with waste media or 10-and 100-fold diluted blend. These results suggest that the compounds identiÞed from the waste volatiles are effective in attracting a greater number of gravid ßies to the substrate for oviposition. Although both C. hominivorax and C. macellaria have the same egg-laying capacity, oviposition results (Table 1) show that signiÞcantly more C. hominivorax laid eggs than did C. macellaria. It is possible that one or more chemical cues for C. macellaria are missing from the blend, resulting in less attraction for this species. The undiluted blend resulted in signiÞ-cantly less oviposition in both species, suggesting some repellency in the concentrated blend. In preliminary tests, we were unable to induce oviposition on substrate prepared only of treated dental wicks. Consequently, we used substrates with liver for C. macellaria and ground beef for C. hominivorax, which apparently provided additional factor(s) to inßuence oviposition behavior of the ßies.
These results clearly indicate that this Þve-compound synthetic blend may effectively serve as an oviposition attractant for C. hominivorax and, to some extent, for C. macellaria. Future adaptation and application in the screwworm mass-rearing facility, surveillance programs (both in the barrier as well as in future eradication efforts), as well as "push-pull" trapping/control efforts that concentrate on removing gravid female screwworms may be possible with this blend of compounds. (df ϭ 4, 10) F ϭ 15.57*; P ϭ 0.000 F ϭ 6.04*; P ϭ 0.009
Means for treatments (columns) not followed by the same letter (lowercase) are signiÞcantly different from each other by TukeyÕs comparison test after signiÞcant F values (*); similarly, means for species (across) not followed by the same letter (uppercase) are signiÞcantly different (P Ͻ 0.05).
